The basis for the reduced maximum diastolic potential of canine cardiac subendocardial Purkinje fibers surviving one day after extensive transmural infarction was investigated, using double-barrel potassium and sodium ion-sensitive microelectrodes. The maximum diastolic potential of Purkinje fibers in infarct preparations from the left ventricular apex measured during the first hour of superfusion in a tissue bath was -50.1 ± 13.7 mV, a value markedly reduced from the value in control Purkinje fibers from noninfarcted preparations ( -85.0 ± 4.5 mV). The intracellular potassium ion activity was reduced by 50.4 mM during this time (intracellular potassium ion activity equals 61.6 ± 16.1 mM, as compared to control intracellular potassium ion activity of 112 ± 19.8 mM). The potassium equilibrium potential was reduced by 16.0 mV (from -97.2 ±4.7 mV in controls to -81.2 ± 6.9 mV), thus accounting for about one half of the reduction in the maximum diastolic potential. After 6 hours of superfusion, the maximum diastolic potential increased to -78.9 ± 8.7 mV (still significantly less than control). The potassium equilibrium potential had largely recovered (-93.8 ± 5.9 mV). The intracellular sodium ion activity of Purkinje fibers in the infarcts (15.6 ± 6.9 mM) was elevated during the first hour of superfusion by 6.2 mM compared to control (9.4 ± 2.6 mM), and this was only 12% as much as the initial intracellular potassium ion activity decrease. Sodium ion activity after 3-6 hours of superfusion was not significantly different than normal (12.1 ± 4.9 mM). In conclusion, only a portion of the maximum diastolic potential changes can be explained by a reduction of the potassium equilibrium potential. It is likely that change(s) in the cell membrane sodium-potassium pump's function and in the membrane conductance are also involved. Furthermore, the lack of a compensatory increase in intracellular sodium ion activity accompanying the large reduction of intracellular potassium ion activity may be a consequence of the cellular acidosis, which is known to occur during myocardial ischemia. 
In recent years, ion-sensitive microelectrodes have been used to determine the ionic composition of the sarcoplasm of normal cardiac tissue. 8 "" With the normal values established the use of this technique would now seem to be an important approach to the investigation of abnormal electrophysiology caused by pathology. Ion-sensitive microelectrodes have been used to determine the effects of late hypoxia, 1213 experimental models of ischemia, 14 " 16 and healed infarction. 17 In this study, our purpose was to determine to what extent the low membrane potentials of Purkinje cells surviving in one-day-old myocardial infarcts result from a decrease in the potassium equilibrium potential (E K ) subsequent to a reduction in the intracellular potassium ion activity' (ak). The intracellular sodium ion activity (aj<a) was also measured to discriminate between possible mechanisms of cellular potassium loss, for example, Na-K pump blockade or cellular acidosis.
1416 Double-barrel ion-sensitive microelectrodes were used to measure transmembrane potential simultaneously with ak or a^a. Measured values of transmembrane potential were compared to calculated values of E K for individual cells. It was found that the maximum diastolic potential is decreased to a greater extent than can be explained by the decrease in E K . In addition, the rise in aj, a is much smaller than the loss in aj( suggesting that pump suppression alone could not explain our results. A preliminary report has been published in abstract form. 18 
Materials and Methods

Surgical Production of Myocardial Infarction
Myocardial infarction was produced in 27 adult mongrel dogs weighing 9 to 15 kg by a two-stage ligation of the left anterior descending coronary artery. 12 The 22 surviving dogs were reanesthetized 23-26 hours after ligation with sodium pentobarbital (15-30 mg/kg i.v.) and the heart was rapidly removed and immersed in 23° C Tyrode's solution, whose composition (mM) was NaCl 137, NaHCO 3 12, NaH 2 PO 4 1.8, KC14.0, CaCl 2 2.8, MgCl 2 0.5, and glucose 5.5.
A strip of the infarcted left ventricular wall 1.8 cm wide and 3.5 cm long (base to apex direction) containing the anterior papillary muscle or the paraseptal wall was isolated. The epicardial half was removed, so that the strip was 0.4 to 0.6 cm thick. The infarcted portion of the endocardial strip was evident by its pale color (see Figure 1 in Friedman et al 2 ) . The basal third of the strip was usually not infarcted as was clearly evident by its reddish color. After the completion of each study, the entire preparation was fixed in 10% neutralbuffered formaldehyde, and prepared for histological study using techniques that have been previously described. 2 By this procedure, it was verified that areas designated as infarcted by gross inspection were infarcted by histological criteria 2 and that areas designated as noninfarcted were, in fact, not infarcted by histological criteria. A similar preparation of endocardium was also obtained from 15 control dogs with noninfarcted hearts.
The preparation was pinned at its edges (endocardium up) to the Sylgard bottom of a plexiglass tissue chamber (lcm x 2 cm x 5 cm long) and continuously superfused at a rate of 20 ml/min with Tyrode's solution prewarmed to 37.5 ± 0.5° C and gassed with 5% CO 2 /95% O 2 . The pH in the bath was 7.0-7.1. Tissue superfusion was started within 10-15 minutes after the dissection was begun. Spontaneous activity at 30-120/min was evident in the infarct preparations immediately after they were mounted in the tissue chamber and continued for several hours with gradually diminishing rates. 34 When the spontaneous rate decreased below 15/min, the preparations were stimulated at 75/min with 3-5 millisecond square pulses at twice diastolic threshold via teflon-coated bipolar silver electrodes attached to a stimulus isolator. Noninfarcted preparations were maintained at a stimulus rate of 75/min for the entire experiment. The bath was grounded via a 2M KCl/2% agar bridge.
Double-barrel Ion-sensitive Microelectrodes
When single-barrel ion-sensitive microelectrodes (ISE) are used, the transmembrane potential required for subtraction from the ion-sensitive potential is obtained from separate recordings with a conventional microelectrode. This is a reasonable approach in normal tissue since MDPs are relatively homogenous, but might cause inaccuracies in measurements in subendocardial Purkinje fibers surviving in infarcts since they have a wide range of MDPs. 23 Therefore, double-barrel ISEs were used so that the reference membrane potential and ion-sensitive signal could be measured in the same cell. This technique also allowed us to compare MDP and intracellular ion activity for each cell that was impaled, as well as to discriminate between Purkinje fibers and ventricular muscle cells that are sometimes found below the superficial Purkinje layers.
Using a vertical puller (Model PE-2, Narishige Instruments Co., Tokyo, Japan) double-barrel micropipettes were made from Corning 7740 theta style I borosilicate double-barrel glass tubing, o.d. 2.5 ± 0.2 mm (William Dehn-R & D Optical, Bethesda, Md.). When filled with 3M KC1, the tip resistance of each barrel of the double-barrel micropipette was 7-12 Mfi. In preliminary experiments, it was found that double-barrel microelectrode impalements of normal canine subendocardial Purkinje fibers yielded maximum diastolic potentials comparable to the average value of -87 mV obtained by Friedman et al 2 and Lazzara et al 4 using single-barrel microelectrodes. Also, the MDP recorded by each of the two barrels (when filled with 3M KC1) agreed ± 1 mV on average.
CONSTRUCTION. TO fabricate the ISE, one barrel of the double-barrel micropipette was exposed to trimethylchlorosilane (Eastman Kodak Co., Rochester, N. Y.) and baked at 120° C for 15 hours. A drop of either Corning #477317 K + selective resin (W.P.I. Inc., New Haven, Conn.) or Na + neutral carrier resin containing ETH-227 (Fluka Chemical Co., Hauppauge, N.Y.) was introduced into the silanized barrels, which were then backfilled with aqueous solutions of either 4 mM KC1 + 156 mM NaCl (for potassium ion-sensitive microelectrodes; K-ISE), or 160 mM NaCl + 0.1 mM EGTA + 1 mM HEPES (for sodium ion-sensitive microelectrodes; Na-ISE).
The reference barrel solution was chosen to avoid exposing the nearby ion-selective barrel to excessive concentrations of K + or Na + , respectively, while attempting to minimize any additional tip potential error over that obtained with 3M KC1 filling solution. Using nonselective double-barrel micropipettes containing 3M KC1 in one barrel and the test electrolyte in the other barrel, the average difference in the recorded membrane potential between the two barrels during a series of cell impalements was determined and was used as the required correction with the modified filling solution. The reference barrel filling solutions used with their corrections were: 150 mM KC1 + 850 mM NaCl, with -1.3 mV correction for K-ISEs (determined from 75 impalements); and, 1M KC1 with a -1.5 mV correction for Na-ISEs (determined from 69 impalements). Corrections were required for both the reference and differential signal. When double-barrel K-ISEs were used to determine extracellular potassium ion activity (a°K; see below) the reference barrel was filled with Tyrode's solution.
To improve the response time of the Na-ISE, a technique previously described by Ujec et al 20 was used. A fine-tapering micropipette was also filled with the ionsensitive barrel's backfill solution, and its tip was broken to a 3-10 fim width. The first centimeter of this broken micropipette tip was placed in the open end of the ion-sensitive barrel and inserted into the column of ETH-227 resin. Thus, the effective electrical length of the resin was reduced to 0.15-0.3 mm.
As a test of the accuracy of the double-barrel Na-ISE technique in these cells (see the "Results" and "Discussion" sections), measurements were also made of ajî n normal tissue using single-barrel aluminosilicate Na-ISEs in conjunction with single-barrel 3M KC1-filled aluminosilicate microelectrodes. Aluminosilicate glass (2 mm o.d., 0.28 mm wall thickness; Glass Co. of America, Millville, N.J.) has a resistivity about a hundredfold higher than 7740 borosilicate glass, which reduces possible transniural electrical shunting (see discussion, Lewis and Wills 21 ).
CALIBRATION. Before and after every 5-15 cell impalements, the ISEs were calibrated at 23° C in 0.160 M ionic strength mixture solutions of sodium chloride and potassium chloride. For Na-ISE calibrations, these solutions were also Ca 2+ buffered (0.1 mM EGTA + 1 mM HEPES at pH 7.4). The Na-ISE was also calibrated in the Tyrode's solution. These solutions allowed calculation of the relevant selectivity coefficients and Nernst slope using the appropriate versions of the Nicolsky-Eisenmann equation. 1013 A single activity coefficient value of 0.74 822 was assumed to convert the free K + and Na + concentrations in the Tyrode's and calibration solutions to their corresponding K + and Na + activities. Average selectivity and slope values from our calibrations were 1) for the K-ISEs k KNa = 0.034, slope = 59 mV/decade; and 2) for the Na-ISEŝ NUK = 0.034, k NaCa = 1.6, slope = 55 mV/decade (k NaMg was assumed to be 0.005 according to Dagostino and Lee 10 ).
To calculate final a^a values, estimates of ak, at a , and ajn g were needed. In infarcts, a^g was assumed to be normal, so the value of 3 mM reported by Hess et al 23 was used. The a^ was assumed to have increased fivefold to 500 nM (based on measurements by Sheu and Fozzard" during prolonged cell depolarization). The estimates of aj< used in calculating a^a were derived from measured values of aj<. These values, along with MDP, were averaged over all experiments for each hour of superfusion. A regression line with good significance (p <0.013) was obtained comparing MDP with the derived parameter E K . (The procedures used to obtain these data are described in detail in the "Results" section; see Figure 4 and Table 1 ). Estimates of ajc for infarct tissue were derived from the regression line ( Figure 4 ). For each MDP associated with a Na-ISE measurement, the value of E K was obtained from the regression and converted into a^. The a^ estimate for control cells (normal tissue) was the measured value of mean aj < for control cells. The errors generated using this procedure were estimated by examining the standard error of the mean of the aj < value. The deviation of the mean from the regression line was also examined. The infarct cells during the first hour of equilibration and the control cells were the only two classes shown to be statistically different. Their estimated errors due to the uncertainty in aj < value used were approximately 0.1 mM a^a. This value had no impact on the statistical confidence. The errors for the other hourly averages, which were eventually combined into one group, ranged from 0.1-0.5 mM a^a. The total correction for interfering ion activity was -4.5 mM in normal tissue and -2.9 to -5.1 mM in infarct cells (where ajc varied with the MDP).
EXPERIMENTAL PROCEDURE. Experiments were conducted inside a grounded Faraday cage where the outputs of the double-barrel ISE were connected via Ag-AgCl wires to the head stages of a 10 14 Q inputimpedance electrometer (Bloom Associates, Narbeth, Penn.) with individual and differential outputs and capacitance neutralization (see Kline and Kupersmith 19 ). Three potentials were recorded (Figure 1 ): the reference barrel potential (V R ); the ion-sensitive barrel potential (V K + V R or V Na + V R ); and the differential potential (ion-sensitive potential minus the reference barrel potential) V K or V Na . Continuous records were taken on a four-channel Gould chart recorder with 50 Hz frequency response. The differential and V R potentials were also measured directly with digital voltmeters to a precision of 0.5 mV (Fluke Model 75, 0.5% accuracy). The action potential obtained from V R was monitored on an oscilloscope (Textronix Model 565). During all but 2 experiments data were collected from as many subendocardial Purkinje fiber impalements as possible for a period up to 6 hours after the tissue superfusion was initiated. The location of the impalement and the time at which the impalement was made were recorded to permit separation of the timedependent and regional variations in MDP, a^, E K , and ajh. To define the region in which the impalement was obtained, the long axis of the preparation was divided into 3 roughly equivalent zones designated the apical, middle, and basal zone. The apical zone always consisted of transmural infarct with surviving Purkinje cells on the subendocardial surface; the middle zone consisted of intermingling transmural and nontransmural infarct; and the basal zone was not infarcted (as verified by histological analysis). The ISE was oriented perpendicular to the endocardial surface and advanced into the cells of the first or second subendocardial cell layer.
The characteristics of the recording had to meet several criteria to be included in the data. First, the output of both barrels had to undergo a crisp, rapid, and continuous transition to a stable maximum deflection as the impalement was obtained. Second, the potential changes recorded through both barrels during and following sequential beats had to be identical indicating a mechanically stable ISE impalement. Third, although the ion-sensitive barrel had a slower response time than the reference barrel, the slowly changing membrane potential during late diastole allowed us to require an essentially constant (< 1 mV change) V Na or V K trace in late diastole. To test further for adequate common mode rejection of the ion-sensitive and reference barrels, diastole was often prolonged by omitting several stimulated beats. Since there should not be a detectable change in a{< or ajj a during these several seconds, any change in the differential potentials (V Na or V K ) indicated imperfect subtraction or mechanical displacement of the ISE. Finally, it was required that V Na , V K , and V R return to within 2 mV of their initial values when the ISE was returned to the bath. If all these criteria were met, the late diastolic values of V Na or V K were used to calculate afj a or aj<. The MDP was obtained from the V R trace just following the action potential.
a°K was also determined in the extracellular space between the Purkinje cell layers in normal and infarcted preparations, and a°K beneath the Purkinje cell layers, in the necrotic ventricular muscle, of the infarct preparations. This was done to determine if K + leaking out from the underlying dead ventricular muscle cells might cause some of the depolarization of the Purkinje fibers. The a°K was determined by advancing the K-ISE tip first into a Purkinje cell and then through the cell into the extracellular space between cell layers as determined by the disappearance of the transmembrane potential. 19 No evidence was found of electrical activity beneath the third or fourth Purkinje cell layers in the infarcts, and it was assumed at that time that the K-ISE tip was in necrotic muscle.
Statistical Analysis of Data
Data are expressed as the means ± standard deviation (SD). In Figure 4 , the standard error (SE) was used since each point was itself a mean. The MDP, ak, E K , and af^ data were subjected to analysis of variance (ANOVA). 24 Scheffe's test 2425 was used to test for differences between means for the multiple groups. Simple linear regression was calculated as the least sum of squares, and the degree of the association between the variables was measured by correlation coefficient. 24 The significance of the correlation coefficient (r) was determined from Table D.21 of Zar. 24 Differences with/7 <0.05 were considered significant.
Results
a' K and MDP in Normal Subendocardial Purkinje Fibers
Subendocardial Purkinje cells from noninfarcted hearts had an average aj < of 112 ± 19.8 mM (SD, n = 56 cells, N = 6 preparations). In two preparations, the extracellular K + activity (a°K) was determined to be the same as the K + activity of the superfusate (2.96 mM activity). Using these values, the average E K was calculated to be -97.2 ± 4.7 mV (SD). The control MDP obtained from the K-ISE impalements was -85.0 ± 4.5 mV (SD, n = 56,N = 6). The average (MDP-E K ) is 12.2 mV (Table 1, righthand column). Data are means + SD, MDP is maximum diastolic potential, a^ is intracellular potassium ion activity, E K is the transmembrane potassium equilibrium potential, and n is the number of cell impalements with K-ISE. *p < 0.0005 compared to control, tp < 0.05 compared to control, %p > 0.05 compared to control, and §p > 0.20 compared to control.
-90- 26 The correlation coefficient (r) is only 0.36, but this indicates that the slope is significantly different from 0 (p <0.03). The low slope and low r values mean that much of the cell-to-cell variation in E K is not seen as a variation in MDP.
d K and MDP of Subendocardial Purkinje Fibers Surviving in Myocardial Infarcts
The data presented first was obtained from the apical one third of the preparation, which always consisted of the transmural infarct. The MDP of Purkinje fibers surviving in this region is more depolarized than the middle, or basal region of the preparation. 23 However, as described by Lazzara et al, 4 MDP gradually increases during the period of supervision. During the first 6 hours of tissue superfusion changes were followed in MDP, aj<, and E K of Purkinje fibers of the apical infarct region in 13 experiments.
The results of one representative experiment are shown in Figure 3 . Data collection was started 20 minutes after dissection and was primarily from the apical region. For each cell impalement, the MDP versus E K was plotted and numbered in chronologic order. The a K value in the superfusate was used for calculation of E K since it was found that the a°K between Purkinje cell layers and deep in the necrotic ventricular tissue was the same as in the superfusate. During the first hour of superfusion, recordings from cells 1-11 were obtained and of these, 1-6, 9, and 11 had MDPs positive to -50 mV and slow response action potentials. On the right side of Figure 3 at the bottom, records of the V K and V R (V M ) outputs of the K-ISE for impalement 4 are shown. In the second hour of superfusion, Purkinje cells in the infarct had more negative MDPs and action potentials with more rapid Upstroke velocities (apical cells 12-16, 20, and 24-28) . This is shown in the record from apical cell impalement 24 at the upper right. In addition, impalements of cells from the middle infarct region are shown on the graph (cells 17-19 and 21-23) . These results will be discussed later. The figure shows that there is an increase in MDP and E K during the 2-houf superfusion period in this experiment. The linear regression describing the relation between the increase in MDP and E K for the apical Purkinje cells (MDP = 1.25[E K ] + 49.7) shows that the MDP change is greater than the E K change during this period.
The mean MDP, ajc, E K , and (MDP-E K ) of Purkinje fibers in the apical third of the preparation for each hour of superfusion from all the experiments were calculated and are listed in Table 1 with the control data from noninfarcted hearts. The mean MDP of apical infarct Purkinje cells increased during the 6 hours of superfusion by -28.8 mV (from -50.1 ± 13.7 mV in the first hour, to -78.9 ± 8.7 mV in the sixth hour).
The mean ajc of apical infarct Purkinje cells increased by 36.9 mM during 6 hours of superfusion (from 61.6 ± 16.1 mM in the first hour to 98.6 ± 21.9 mM in the sixth hour). The mean E K increased during the 6 hours by -12.6 mV (from -81.2 ± 6.9 mV in the first hour, to -93.8 ± 5.9 mV in the sixth hour). During hours 1 through 4, the mean aj < and E K were significantly less than the mean control cell values. During hours 5 and 6, the mean a^ and E K were not significantly different from the mean control cell values.
The (MDP-E K ) decreased 16.2 mV in this 6-hour period, from 31.1 mV in the first hour, to 14.9 mV in the sixth hour ( Table 1 ). The mean E K at each hour was correlated with the mean MDP and graphed in Figure  4 . Each mean is plotted with its standard error. The linear regression of the plot is MDP = 2.04E K +116. The r value is 0.89, indicating that the slope is significantly different from zero (/? < 0.013). The correlation coefficient and slope of 2 MDP/E K indicate that the average rate of change in the mean MDP is twice the average rate of change of the mean E K . For comparison, the mean MDP and mean E K of the control tissue is plotted in Figure 4 , although it is not used in the regression. When the regression line for the infarct data is extrapolated to the mean E K of control data, the MDP of the regression line is only 2.7 mV positive to the mean MDP for the control data. Thus, it is predicted that if apical infarct cells were to attain normal MDP values as a consequence of prolonged tissue bath superfusion 4 the E K would also return to normal values. In two other experiments, a different approach was taken to investigate the time-dependence of the MDP and E K changes. The K-ISE impalements were confined to a small apical area less than 3 millimeters in diameter where the most depolarized MDPs were found, and each impalement was maintained for as long as possible. In the first experiment (results shown in Figure 5 ), begun 20 minutes after the heart was obtained, the MDP of the first cell impaled was -22 mV and E K was -85 mV. During 100 minutes of 
. The graph on the left displays data points from double-barrel potassium microelectrode impalements in subendocardial Purkinje fibers from one infarct. Points are numbered in the order in which they were obtained during the experiment. The impalements were at random locations within the apical and middle infarct. During superfusion, both the MDP and E K become more negative. Records from impalements nos. 4 and 24 are shown at right (see solid points on left side plot). For each record V m is the recording from the reference barrel (V R ) and V K is the differential output. Upward arrows on these records indicate electrode advancement into the cell. Note cell no. 4 has a low MDP and depressed action potential waveform and that cell no. 24 has a more polarized MDP and partially recovered action potential waveform (compare with normal action potential in Figure 1). The straight line is the linear regression (v = 0.72, p <0.001).
superfusion, while this impalement was maintained, the MDP slowly increased to -50 mV and the E K increased by -4 mV. At this time the impalement was lost and recordings were obtained from other cells ( Figure 5 ). After 220 minutes of tissue superfusion, the MDP was -80 mV and the E K was -93 mV. In the second experiment, recordings were obtained from a total of 8 cells in a small apical area. Measurements were started 40 minutes after dissection and continued for 180 minutes. The MDP changed slowly from -33 mV to -72 mV while the E K increased slowly from -72 mV to -82 mV. In these 2 experiments on very depolarized apical infarct cells, the average improvement in the MDP was 4.9 times greater than the improvement in E K .
a' Na and MDP in Normal Subendocardial Purkinje Fibers
The mean intracellular Na + activity (a^a) of subendocardial Purkinje cells from noninfarcted hearts obtained with double-barrel Na-ISEs was 9.4 ± 2.6 mM (SD, n = 43, N = 8) at a cycle length of 800 milliseconds. The mean MDP was -83.7±5.1mV(SD, n = 43, N = 8). The a^a and the MDP for each impalement is plotted in Figure 6 . The error bars indicate the mean and SD. The r for the plot is 0.29 and is not significant (p >0.05). Thus, the mean a}j a of control cells driven at a cycle length of 800 milliseconds and having MDPs between -75 and -95 mV does not vary significantly with the MDP. Using two single-barrel, aluminosilicate glass microelectrodes, one as a reference electrode and one Na + selective, the mean ai, a of control cells driven at a cycle length of 800 milliseconds was 9.9 ±1.9 mM (SD, n = 29), which is not significantly different from the value obtained using double-barrel Na-ISEs (p >0.40). However, the mean MDP obtained with single-barrel microelectrodes in control cells was -87 ±3.0 raV (SD, n = 39), which is significantly different from the MDP obtained with the double-barrel Na-ISE (p <0.001). The results with the single barrel microelectrodes indicate that the double-barrel microelectrodes do not overestimate ajj a of normal Purkinje cells; however, they do underestimate the MDP slightly (3.3 mV). 
FIGURE 4. The graph displays the potassium equilibrium potential (E K ) vs. the maximum diastolic potential (MDP) of apical subendocardial Purkinje cells surviving one day after infarction. Points are the mean ± standard error of all cell impalements in 13 preparations. The number next to each point indicates the hour of superfusion. During each of the 6 hours of tissue superfusion, the average E K and MDP value of the infarct cells have been correlated. The linear regression obtained on the six points is the straight line (MDP = 2.04 E K + 116, r = 0.89, p <0.013). The line has been extrapolated to the control data point (C).
Of/a of Subendocardial Purkinje Fibers in Infarcts
The experiments measuring afj a were done in the same way as those for aj<; microelectrode impalements of Purkinje fibers were obtained within 20 minutes after removal of the heart and continued for up to 6 hours during superfusion (8 experiments) . Fewer total impalements with the Na-ISE were obtained because the Na-ISE measurements are more sensitive to transitory Na + leakage across the cell membrane after the impalement, and, thus, each impalement requires a longer period of equilibration until the measured values reach steady state. In addition, the ratio of the activity changes vs. control values were smaller for a^a measurements than for aj < measurements. This results in a smaller electrode signal. The Na-ISE measurement resolution was further reduced by the selectivity characteristics of the Na + sensitive resin and the variations in activity of the interfering background cations. Therefore, to increase the number of impalements in each group and improve the statistical resolution, thê data were subdivided into only 2 groups. During the first hour of superfusion, the mean aj^a of apical infarct cells measured with double-barrel NaISEs was 15.6 ± 6.9 mM (SD, n = 21, N = 5), which is significantly higher than the control (p <0.0005); a^a values were elevated by 6.2 mM. The mean MDP was -51.5 ± 9.2 mV (SD), which is not significantly different from the mean MDP obtained during the first hour of superfusion using K-ISEs (p >0.50). The average a^a during the third to sixth hours of superfusion was 12.1 ± 4.9 mM (SD, n = 37, N = 6). This is not significantly different from control (p >0.15). Thus, the mean ai, a of the apical infarct Purkinje cells is higher initially but decreases during tissue superfusion toward normal values along with the improvement in the MDP. In Figure 7 , aj^ vs. the MDP for all points was plotted. The open circles are the first hour impalements while the other points are for later times. For comparison, the mean and SD of the control data are also plotted. Note that afj a of most apical infarct cells for the first hour is higher than the mean control a^a. For all infarct cell data in the plot of Figure 7 , the linear regression is a^a = 0.134 MDP + 21.7. The r is 0.32, indicating that the slope ai, a /MDP is significantly different from zero (p <0.01). The regression line passes through the SD bars of the control data. Thus, apical infarct Purkinje cell afj a decreases as the MDP becomes more negative during superfusion in the tissue bath.
Regional Variations in a! K and a' Na of Infarct Subendocardial Purkinje Cells
During the first 6 hours of superfusion of the infarct preparation, there is a progressive increase in the MDP as the impalement site is moved from the apical third of the preparation (where the infarct is transmural) toward the basal third where the muscle is not infarcted. 3 We also studied the dependence of intracellular ions on distance from the site of complete transmural infarct by moving the K-and Na-ISE impalement sites away from the apical region toward and across the border with the "noninfarcted tissue." To obtain adequate data from the apical region during the early hours of superfusion, when most of the time-dependent changes occurred, the regional variations were primarily examined only after several hours of equilibration.
The average E k of the apical cells ( -92.4 ±6.5 mV, SD, n= 102, N = 13), middle cells (-92.1 ± 5.5 mV, SD, n = 50, N = 9), and basal cells (-93.4 ± 5.2 mV,SD, n = 69,iV= 10) over the third to sixth hour of superfusion are not significantly different (p >0.45) from each other but are all significantly less than control E K (p <0.0013) by 3.8-5.1 mV. In spite of the similar regional E K values at this time, the mean MDP of the apical cells (-71.8 ± 6.5 m V, SD) was significantly less than the mean MDP of the middle cells (-77.3 ± 6.8 mV, SD,p <0.0015) and basal cells (-81.0 ±7.5 mV, SD, p <0.0005). Thus, factors other than the E K must be responsible for the greater depolarization of the apical versus middle and basal Purkinje cells.
Purkinje cells in the basal region of the preparation had an average MDP that was 4.0 mV depolarized relative to control, a difference that just attained significance (p <0.05). This depolarization is essentially 
FIGURE 5. The graph fleft panel) shows a plot ofMDP (•) and E K (+) vs. time of superfusion during recovery ofPurkinje cells in a small apical area (diameter less than 3 millimeters) of a 24-hour infarct preparation (lines drawn by eye). Each upward arrow indicates the impalement of a new cell in this area, after the microelectrode impalement of the previous cell was lost. The first impalement was made 20 minutes after dissection and was maintained until 100 minutes (recording of depressed action potential at upper right labelled A was obtained during this time). Seven additional impalements were made during the subsequent 120 minutes at times indicated by the arrows. At 190 minutes another action potential is shown (at right, B) which has a faster upstoke. The large symbols on the plots (MDP, •/ E K , +) at 210 minutes are mean values obtained in the noninfarcted basal region of the preparation for comparison.
the same as the difference between the mean basal E K and the mean control E K (3.8 mV), which was also significant (p <0.008). Thus, in the basal region the MDP depolarization is completely explained by the E K depolarization, unlike the apical region where MDP depolarization is greater than E K depolarization. The mean aj^ of the three regions -apical, 12.1 ± 4.9 mM (SD, n = 37); middle, 14.3 ± 5.1 mM (SD, n = 20); and basal, 14.6 ± 3.7 mM (SD, n = 14) -were not significantly different from each other (p >0.25) during the third to sixth hour of superfusion. The mean a^a of the middle and basal regions, but not the apical region, were significantly greater than control (p<0.005 and p <0.008, respectively).
Therefore, although the basal region showed no evidence of infarction by histological criteria, it appeared to be affected by the prolonged period of ischemia. Due to the small size of our preparation in comparison with Friedman et al, 23 we were not able to proceed further from the infarct to determine if, and at what distance, both the MDP and intracellular ion activities became normal.
Discussion
In this study, a^ and MDP and a^a and MDP in Purkinje cells in one-day-old myocardial infarcts were measured simultaneously to determine possible causes for the low MDPs. Double-barrel ion-sensitive microelectrodes were used because of the marked heterogeneity of the MDPs. They enabled us to determine the degree of MDP depolarization and the particular intracellular ion activity for each cell impaled.
Intracellular Ion Activity in Normal Subendocardial Purkinje Fibers
The aj < values for normal subendocardial Purkinje fibers averaged 112 ± 19.8 mM, which is within the range of values obtained in free-running canine and sheep Purkinje fibers (110-130 mM) in other studies using single-barrel 1027 ' 28 and double-barrel 9 K-ISEs. The measurements were stable with time, and a^ did not vary when stimulus rate was changed. 927 The a},, values averaged 9.4 ± 2.6 mM, which is within the range of normal values (7.6-9.8 mM) reported for freerunning fibers by others using both single-barrel 29 " 32 and double-barrel 34 Na-ISEs. Several possible problems may result from the use of double-barrel Na-ISEs. Artifactually high aj, a values may occur when the ISE tip is too large and damages the cell membrane, leading to Na + leakage into the cell at the puncture site. 34 Also, due to the high resistivity of the Na + sensitive resin, electrical shunting of the Na-ISE potential may occur at the tip of the selective barrel, 2130 either through the glass partition or the outer glass wall of the ion-selective barrel. In either case, the result would be measurement of an artifactually high ai ia value. Although the values of a^a were within the reported range for Purkinje fibers, additional control experiments were also performed utilizing single-barrel, high resistivity aluminosilicate glass Na-ISEs. These microelectrodes have smaller tips, and the higher glass resistivity reduces any transmural conductance by a factor of 100. The mean aj ja value with these single-barrel Na-ISEs was 9.9 ± 1.9 mM (n = 29) and was statistically the same as the double-barrel value (p >0.25; variance was also similar, p >0.7 by F test). We did find a difference in MDP by the two approaches, and thus, the value was 3.3 mV more negative using the single-barrel reference microelectrode. Since the average MDP measured by both barrels in the double-barrel electrode should be identical, this slight error in determining MDP should not generate an error in measuring a},,.
Contribution ofE K Reduction to MDP Depolarization in Purkinje Fibers in Infarcts
As shown in Figure 4 and Table 1 , there is a consistent relation between the amount of MDP depolarization and E K reduction, starting with the most depressed fibers just after tissue removal from the heart and continuing through 6 hours of tissue bath supervision. Since no a°K elevation was found, the E K reduction was solely a function of reduced a^. By differentiating the Hodgkin-Goldman-Katz equation for a membrane permeable to Na + and K + only, and assuming no voltage dependent conductances, one can show that the slope of MDP vs. E K should equal 1 in this case. In Figure 4 , a plot of the average hourly values for E K and MDP, the slope is 2. In two experiments ( Figure 5 ) in which the same group of cells were monitored, which were recovering from an extreme level of depolarization, the slope of MDP/E K was even larger. Thus, although a portion of the depolarization is due to E K reduction, additional factors must be considered.
The most likely factors are reduction of the hyperpolarizing Na-K pump current and changes in membrane conductances. At normal background conductances, reduction of Na-K pump activity can depolarize the membrane through loss of hyperpolarizing pump currents. However, the expected amount of such depolarization is approximately 10 mV 35 and is insufficient to explain the MDP depolarization. Thus, a conductance change seems likely even if there is also a loss of Na-K pump currents. Cellular lipid accumulation occurring in subendocardial Purkinje fibers parallels the reduction in MDP 36 and may be a factor that leads to Na-K pump inhibition. 37 Although there is elevation of aj, a in the infarct Purkinje fibers, it is not at a level sufficient to indicate complete pump blockade.
The second factor possibly contributing to membrane depolarization is a membrane conductance change, either in response to a voltage-dependent conductance mechanism induced by the initial depolarization itself or in response to biochemical features of the ischemic milieu. Examples of the former are rectification of the time-independent potassium channel and sustained activation of "window" components of inward currents. 38 These effects would increase the inward current in proportion to the outward current and result in further depolarization. One must also consider the possible effects of elevated intracellular calcium that could activate the nonselective transient inward current channel. 3940 This channel would depolarize the membrane and increase the intracellular sodium gain and potassium loss. Triggered activity and delayed afterdepolarizations seen in Purkinje fibers surviving in infarcts are consistent with the notion that the intracellular calcium is elevated. 56 Biochemical factors that might effect membrane conductance include lysophosphotidylcholine. 41 -42 It is unclear at this point how tissue bath supervision enables E K and MDP to return toward normal value, but if some biochemical factors from the in situ ischemic environment still remain in the extracellular space immediately after dissection of the preparation, they may be washed out gradually by the Tyrode's superfusate.
Mechanisms Underlying a! K and a! Nd Changes
It is important to stress at the onset that changes in ak and a^a cannot be directly correlated with the integral of net transmembrane fluxes unless it is first established that there is no sequestration of either ion by intracellular organelles (for example Na + uptake by the mitochondria 43 ) , and that there is no change in the cytoplasmic ion activity coefficients for K + and Na + . Previous reports of dramatic and reversible interventions in nonischemic sheep Purkinje fibers indicate that large aj < losses (in excess of 100 mM) are accompanied by opposite and nearly equal changes in af^. 44 ' 45 Thus, the total activity of K + and Na + is preserved, and the simplest explanation is that the cytoplasmic activity coefficients and the cytoplasmic total free K + plus Na + concentrations remain constant. However, the "apparent" activity coefficients (defined as cytoplasmic ion activity/total ion content in the cellular space; see Lee and Armstrong 45 ) may vary. Other reports have suggested that the apparent activity coefficient varies when tissue is superfused with hypertonic solutions 46 " 48 and during prolonged hypoxia. 13 The apparent Na + activity coefficient has been found to be about 29% as large as the apparent K + activity coefficient (0.175 vs. 0.612 in rabbit ventricular muscle 46 ). This would suggest that the net transmembrane Na + influx could have been larger than expected based on the rather small aj,, a increase measured in our experiments.
However, these quantitative refinements probably do not alter the basic finding that the large K + loss was not matched by an equivalent Na + gain (see also Kleber 14 studies in acute ischemia; and Kimura et al; 17 studies of chronic ischemia). They certainly do not alter the finding that the total K + and Na + cytoplasmic activities are substantially less in severely depressed cells (77.2 mM, present study) than in the superfusate (114.7 mM). In normal subendocardial Purkinje cells, the total K + and Na + cytoplasmic activities (121.4 mM, present study) is nearly equal to that in the superfusate.
Kleber 49 questioned the notion that the transmembrane movement of K + and Na + during acute ischemia need be equal and/or due only to Na-K pump suppression in consideration of the fact that anaerobic skeletal muscle loses potassium with lactate (without gaining equivalent amounts of Na + ) when lactic acidosis occurs. 50 Kleber 49 and others 151651 have suggested that the event initiating K + loss could be the increased intracellular production of acid, such that the increased H + replaces K + , which was bound to impermeant anions (Ai). This would increase the amount of K + available to leave the cell with membrane permeable anions (Clõ r HCO~3 or acid anions [Aa], e.g., lactate and phosphate) (see Case 52 ). This mechanism allows for the electroneutrai efflux of K + without a requirement for cellular Na + uptake. The net osmolarity decrease due to KCl or KAa loss is balanced by the generation of neutral metabolites within the cell. An excess of neu-131 tral metabolites could lead to hyperosmolarity, water influx, and cell swelling, 53 which reduces ak primarily by dilution without further cellular K + loss. 46 - 48 A slight elevation of a^a may occur acutely due to a combination of reduced Na-K pump activity and an increase in passive Na + influx. 16 Although the results leading to this hypothesis have resulted from experiments on ventricular muscle, a similar sequence of events might occur in subendocardial Purkinje fibers made acutely ischemic by coronary artery ligation. 54 If the acute changes persist for at least 24 hours they might explain some of these results. As one test of this possibility, the intracellular pH of the Purkinje fibers surviving in one-day-old infarcts should be measured, as well as the ionic and pH changes during the early development of ischemia.
